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ABSTRACT

High-Throughput Sequencing technologies are
transforming many research fields, including the
analysis of phage display libraries. The phage dis-
play technology coupled with deep sequencing was
introduced more than a decade ago and holds the
potential to circumvent the traditional laborious pick-
ing and testing of individual phage rescued clones.
However, from a bioinformatics point of view, the
analysis of this kind of data was always performed
by adapting tools designed for other purposes, thus
not considering the noise background typical of the
‘interactome sequencing’ approach and the hetero-
geneity of the data. InteractomeSeq is a web server
allowing data analysis of protein domains (‘domain-
ome’) or epitopes (‘epitome’) from either Eukaryotic
or Prokaryotic genomic phage libraries generated
and selected by following an Interactome sequenc-
ing approach. InteractomeSeq allows users to up-
load raw sequencing data and to obtain an accurate
characterization of domainome/epitome profiles af-
ter setting the parameters required to tune the anal-
ysis. The release of this tool is relevant for the scien-
tific and clinical community, because Interactome-
Seq will fill an existing gap in the field of large-
scale biomarkers profiling, reverse vaccinology, and

structural/functional studies, thus contributing es-
sential information for gene annotation or antigen
identification. InteractomeSeq is freely available at
https://InteractomeSeq.ba.itb.cnr.it/

INTRODUCTION

Protein biomarkers are fundamental in biomedicine, as they
are pivotal tools for the diagnosis, prevention and treatment
of diseases. Several techniques for the high-throughput
screening and identification of protein interactions have
been applied in biomarker discovery (1). In this scenario,
phage display technology was introduced to identify short
peptides with specific binding activity and subsequently
evolved with many versatile applications, especially the dis-
play of antibodies (2). While it has been successfully ex-
ploited to select antibodies or peptides, the display of full-
length proteins or protein domains expressed from libraries
of cDNA (cDNA phage display) has been rarely used due to
two main technical hurdles (3-5). First, the cloned cDNAs
must be in the same reading frame as the phage coat pro-
tein and, when fused to the N-terminus, must not contain
in-frame stop codons that would prematurely terminate the
display of the fusion protein. Second, the display of full-
length proteins is complicated because of the high degree
of heterogeneity and complexity among the polypeptide se-
quences that must form functional fusions with the phage
coat protein. These two problems have been addressed by
the concept of ‘filtering’ DNA for open reading frames
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(ORF phage display), and several different approaches have
been taken (6-12). The two major features common to these
approaches is that DNA (either cDNA or the intron-less
prokaryotic genomic DNA) is first randomly fragmented
and DNA fragments with a homogeneous size (typically
300-1000 bp) are pooled and cloned into a ‘filtering’ vector.
This vector contains a selectable marker (e.g. B-lactamase)
downstream the cloning site, that allows the selection of the
ORFs cloned in the correct frame. After applying the ap-
propriate antibiotic selection pressure, the resulting library
is composed, rather than full-length proteins, by properly
folded protein domains, i.e. the so-called domainome. Such
domain libraries are then fully functional and could un-
dergo phage display selection cycle for the identification of
specific interacting domains. With this approach, both eu-
karyotic and prokaryotic domain libraries obtained from
genomes and transcriptomes can be analyzed. A filtered hu-
man domainome library has been positively used to pro-
file the protein interactome of human tissue transglutam-
inase (8), to identify novel antigens in coeliac disease (12)
and tumour-associated antigens in ovarian cancer (13) and
to identify novel RNA-binding proteins relevant to the bi-
ology of AU-rich element (ARE) (14) or SINEUP long
non-coding RNAs (15). Similarly genomic libraries from
Clostridium thermocellum (16) and Burkholderia pseudoma-
llei (17), have been constructed and successfully used for
domain-based functional annotation purposes.

However, the output generated by ORF-filtering libraries
sequencing cannot be analysed easily and adequately with
the existing bioinformatics resources that have been de-
signed and implemented for other purposes. In our previous
papers (14,15,17,18), the analysis for the identification of
specific domains/antigens was performed with NGS-TreX
(19). NGS-TreX is a freely available web-tool designed for
the analysis of of differential RNA-Seq data and it was
not specifically developed for the analysis of Interactome-
Sequencing data. In a recent work, Yang et al. (20)) adapted
the CLC Genomics Workbench software to the analysis of
this kind of data. Moreover, some pipelines under devel-
opment are available in GitHub, such as for example nf-
core/epitope prediction (21). However, up to date, there are
not specific pipelines able to efficiently and reliably reveal
enriched domains from datasets generated by Interactome-
sequencing technology, especially there are no tools avail-
able as web servers.

Here, we propose a user-friendly web server implement-
ing a workflow able to manage Interactome-sequencing
data, with customizable parameters to perform specific test-
ing for the identification of enriched domains/epitopes. At
the same time, the web server implements an advanced vi-
sualization tool useful to highlight and share the identi-
fied domains. InteractomeSeq is freely available at https:
/[nteractomeSeq.ba.itb.cnr.it/

MATERIALS AND METHODS

InteractomeSeq, through a user-friendly web interface, im-
plements a new pipeline allowing users to obtain an accu-
rate characterization of domainome/epitome profiles. The
architecture of InteractomeSeq consists of a Graphical User
Interface on a series of Python scripts implementing two
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analysis pipelines, for Eukaryotic and Prokaryotic domain-
ome analysis, as backend (see Figure 1).

Description

InteractomeSeq web server is used to analyse data de-
riving both from phage libraries created from a whole
genome/transcriptome and from phage libraries selected
against different baits. In InteractomeSeq a complete do-
mainome analysis is identified as a Project. Depending on
the type of organism used to generate the phage libraries,
in the ‘Create a Project’ page, users have to select Eukary-
otic or Prokaryotic analysis type and define a Project Name.
A Project 1D, consisting of a unique 28-characters 1D is
created and associated with each Project, it can be used to
access, resume and complete the analysis and visualize or
download the results later. InteractomeSeq stores, on the
server, the uploaded files and analysis data results in a user’s
private workspace accessible only via a RESTful web ser-
vice, ensuring the user’s privacy by a unique random key
(Project ID). The main components of a Project are: Up-
loading, Mapping, Domain Analysis and Results. The exe-
cution of a complete analysis is split into each single execu-
tion step (Mapping, Domain Definition, Enrichment, Sub-
traction and Intersection) in an asynchronous mode, so the
user can run, resume and re-run each analysis step in or-
der to achieve the desired results. Through specific buttons,
the user can monitor, eventually stop, re-run and delete the
individual execution steps. The web tool displays the exe-
cution date, the input parameters, the message log and the
results of each execution by clicking on the appropriate but-
ton. Finally, a colour-coding icon shows the running status
of each execution. Detailed tutorials and guides on how to
run the analysis steps in InteractomeSeq, are available in the
Supplementary Data (Tutorials file) and in the Help page of
the web tool, for Eukaryote and Prokaryote analysis type.
The use of InteractomeSeq does not require registration, if
users enter their email address (optional), they will receive
a web link including the Project ID in order to be able to
access their projects later. At the same time, the registration
to the webtool gives to the users the possibility to manage
their own list of analysis projects in a user’s private session.

Input files

The ‘Uploading’ page of the web tool allows users to
upload the input files. The input files necessary to start
a domainome analysis at whole genome/transcriptome
level are the reads generated by the sequencing of
genomic/transcriptomic phage libraries generated by fol-
lowing an interactome-sequencing approach (such as
for example libraries produced following the proto-
col described by Soluri er al. (22)) and the reference
genome/transcriptome of the target organism (i.e. bacte-
ria, human, mouse). For the Prokaryote analysis type, a
database of pre-loaded genome sequences and annotations
is available, it includes all the bacteria complete genomes
available in NCBI (ftp:/ftp.ncbi.nlm.nih.gov/genomes/).
This Database contains a total of 15 593 bacterial strains’
genomes (last updated November 2019). If the bacterial
genome of interest is not present in the local database, the
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Figure 1. Overview of InteractomeSeq web server workflow. The tool implements two different workflows for Eukaryote and Prokaryote data. Prokaryote
workflow includes two more steps for the Domain Analysis than the Eukaryote workflow. Moreover, the Domain Intersection step also produces a Venn

diagram, among the other outputs.

end user can upload a custom genome sequence and anno-
tation in the ‘Custom Annotation’ section of the Uploading
page. Sequence files in FASTA format and annotations in
standard BED, GFF formats (see https://genome.ucsc.edu/
FAQ/FAQformat for format specifications) or delimiter sep-
arated text files can be uploaded. Whereas for the Eukary-
ote analysis type the Homo Sapiens GRCh38 and Mus Mus-
culus GRCm38 reference genomes/transcriptomes (https:
/Iwww.ensembl.org/info/data/ftp/) are available within the
InteractomeSeq internal database. The web tool checks the
syntax correctness of the users’ provided annotation files
and shows a preview of the content of all the annotation
files that have been uploaded.

The raw sequencing reads can be uploaded in the
DataSets section of the Uploading page. FASTA and
FASTQ formats (preferably in gzip compress format) are
allowed, long and short sequence data generated with single
or paired-end library preparation kits are supported. In
Eukaryotic analysis type, pre-aligned files in BAM format
(https://genome.ucsc.edu/FAQ/FAQformat#format5.1)
can also be uploaded. At least two samples or selections
are required to perform the domain enrichment analysis.
The maximum size of each uploaded file (Dataset) is set

to 5SGB (compressed file). Raw data files bigger than SGB
can be analyzed by the stand-alone version of the pipeline
scripts available in GitHub or by the Docker version (see
Data Availability).

Mapping

The Mapping step creates the genome aligned BAM files
from the sequencing reads of the phage libraries that have
been uploaded. The web tool first validates the syntax
of the input files, then raw reads are filtered by quality
checking and are cleaned by anchor adapters using Cu-
tadapt tools (23), while reads with no identifiable adapters
are discarded. Trimmed reads are aligned to reference
transcriptome/genome using BLASTn (24) or Kallisto (295),
depending on prokaryotic or eukaryotic analysis type.
Kallisto was chosen for the eukaryotic data mapping be-
cause it is one of the fastest aligners with better perfor-
mance in terms of accuracy and memory requirement (26).
However, Kallisto requires, as input, the Gene transfer for-
mat (GTF) file that is not available for all the prokaryotic
genomes. Allowed mismatches (default 3) and minimum
clone length (default 100) parameters are available in the
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mapping execution input form in order to tune the mapping
procedure. Alignment files created by the mapping step are
converted in bigWig format (https://genome.ucsc.edu/FAQ/
FAQformat#format6.1) for visualization purposes.

Domain analysis

The core of an analysis Project in InteractomeSeq are the
steps located in the ‘Domain Analysis’ page. More than one
selected phage library can be analysed at the same time,
but the genomic/transcriptomic phage library dataset in-
put is mandatory. The latter can be also analysed alone,
if the focus of research is the identification of all poten-
tial soluble domains on a genomic/transcriptomic scale. In
the ‘Domain Definition’ step, all the aligned BAM files are
scanned for the putative domain detection using bedtools
genomecov (27), then the predicted domains are assigned to
their respective CDSs (more than one domain can be associ-
ated to one CDS) using bedtools intersect. In the ‘Domain
Enrichment’ step, users can determine which putative do-
mains are statistically enriched in the selected phage library
sample compared to their representation in the genomic
phage library (or not selected sample) which is used as
reference/background. The differential enrichment is cal-
culated using the R-package edgeR (28). In the Prokaryote
analysis type, when more than two datasets from selected
phage libraries are uploaded, differentially enriched do-
mains in the different selections can be obtained through the
subtracting (‘Domain Subtraction’) or intersecting (‘Do-
main Intersection’) steps, thus allowing the identification of
those domains/antigens which are specific for different se-
lections. In Eukaryote analysis type, common and unique
putative domains are listed in the results of the ‘Domain
Enrichment’ page. These lists of specific antigens are given
in output as ranking lists associated with statistical values
(adjusted p-value) thus allowing a guided selection of the
best targets for validation (i.e. top list antigens).

Output

InteractomeSeq provides results for each domain analy-
sis step (Definition, Enrichment, Subtraction and Inter-
section). The final result is the list of putative domains,
resulting enriched in the selected phage libraries respect
to the genomic one. The lists are displayed in an interac-
tive table viewer and as tracks in an embedded genome
browser (JBrowse (29)) in order to display and visually
compare the predicted domains and their relative abun-
dance (see Figure 2). Domain chromosome location, gene
name and transcript/gene location are shown in the ta-
ble viewer, columns content can be alphabetically ordered
and gene/transcript columns content can be filtered by text
search. Further information, such as protein ID and re-
gion sequence are available in the metadata associated with
each CDS and in the downloadable result files. Further-
more, for the Prokaryote analysis type, in the ‘Domain In-
tersection’ page an interactive Venn plot, downloadable as
PNG and SVG file, shows the total of unique and common
domains/epitopes that result from the intersection of two or
three differentially enriched Selections. All the outputs are
gathered in the ‘Results’ page of a Project and can be down-
loaded in compressed (zip) format. A Project is stored for 15
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days and results are accessible or downloadable using a web
link, containing the unique Project ID, which is reported in
the ‘Information’ page. This page also reports the metadata
about a project (Name, ID, type and dates) and the running
status of each executed analysis step, in order to monitor
the progress of the complete analysis.

Implementation

The InteractomeSeq web server is based on a lightweight
and flexible PHP Content Management System, named
Typesetter CMS (https://www.typesettercms.com/), on the
server side and on a specialized RESTful Web service, which
manages the asynchronous communication with web inter-
face. The web front-end, on the client side, is compliant with
CSS3 and HTMLS standards adopting a Bootstrap Frame-
work (http://getbootstrap.com) and is built upon Google
Angular]S (http://angularjs.org/). A SQLite3 database is
used to manage project metadata and user logging. Anal-
ysis pipelines are implemented in Python scripts, using var-
ious packages: (i) scientific libraries such as Numpy and
pandas; (ii) bioinformatic packages such as BioPyhton,
pybedtools and pysam; (iii) graphic library as Matplotlib.
The scripts are available at: https://github.com/sinnamone/
InteractomeSeq. InteractomeSeq is actually deployed on a
server with 16-core CPUs (2.40 GHz), 64GB RAM and
20TB of storage.

RESULTS

Three different use cases of InteractomeSeq are available as
pre-computed analysis in the Examples box in the Home
page and in the “Tutorials & Examples’ section of the Help
page. The next paragraphs describe the aims and results of
‘Hp 26695 — Prokaryote’ and ‘RnaBindProt — Eukaryote’
use cases.

Prokaryote analysis use case

InteractomeSeq has been used to define the whole domain-
ome of Helicobacter pylori strain 26695 (HP 26695) and
to outline new potential biomarkers of H. pylori infection
and progression towards Atrophic Gastritis. Four differ-
ent datasets have been analyzed: the genomic phage library
obtained from the whole genome of H. pylori 26695 (la-
bel: 26695_S5) and three selected phage libraries. The last
ones have been obtained after the selection of the HP 26695
genomic phage library against three pools of sera from
patients: (a) sera from Healthy controls HP negative (la-
bel: HpNegativeControl); (b) sera from Healthy controls
HP positive (label: HpPositiveControl); (c) sera from pa-
tients affected by atrophic gastritis (label: AthrophicGas-
tritis) (see DataSets section in the ‘Uploading’ page,).
InteractomeSeq is able to outline all the H. pylori do-
mains that are represented within the genomic phage library
and, by analysing the selected phage libraries, to identify the
H. pylori domains potentially actively interacting with pa-
tients’ antibodies (see ‘Domain Analysis’ page — Domain
Definition List). Then, domains/epitopes enriched specifi-
cally in the different selections, specific of the healthy condi-
tion or of the atrophic gastritis outcome, or common to dif-
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Figure 2. Example of outputs: (A) JBrowse visualization of the enriched domains of an H. pylori gene in the three different selections; (B) Venn Diagram
showing the intersection among the H. pylori domains enriched in the different selections; (C) JBrowse visualization of the ILF3 domains enriched in
the RNA Binding Protein (Eukaryote) dataset; (D) JBrowse visualization of the LMNB2 domains enriched in the RNA Binding dataset. Track colors
in JBrowse can be personalized by changing the ‘pos_colour’ in ‘Edit config’. Panel A shows the tracks in arithmetic scale, by deselecting the ‘Log scale’

default.

ferent conditions, are obtained (see ‘Domain Subtraction’
page — Domain Subtraction List) and summarized in the
Venn Diagram (see ‘Domain Intersection’ page) (see Figure
2A and B). The InteractomeSeq pipeline allowed the identi-
fication of many specific HP domains/epitopes that can be
validated in the future and possibly become new biomarkers
of H. pylori infection and progression.

Eukaryote analysis use case

By profiling the RNA interactome of a SINEUP long non-
coding RNA, Fasolo et al. (15) recently reported a specific
interaction between the RNA-binding protein ILF3 and the
SINE B2 family of transposable elements in the mouse and
human transcriptomes. In this paper, the datasets deriving
from phage libraries sequencing were analyzed with NGS-
Trex (19). We have analyzed the same datasets with Inter-
actomeSeq and we have compared the results, focusing in
particular on the mapping performance and on epitopes
prediction to check if InteractomeSeq performs better than
NGS-Trex. As shown in the Supplementary Table, the map-
ping accuracy of InteractomeSeq is on average 2—-3% higher,
because of the use of Kallisto mapper, which implements

the novel concept of pseudo-alignment of reads for accu-
rate quantification. Regarding the analysis results, it is im-
portant to underline that the number of genes with at least
one putative domain detected is consistently higher in Inter-
actomeSeq compared to those outlined by NGS-Trex and
a wider number of putative domains/epitopes are predicted
(see Supplementary Table). From a biological point of view,
it is important to pinpoint that the results obtained with
InteractomeSeq confirmed ‘IL enhancer-binding factor 3’
(ILF3) as a protein partner of ‘AS Uchll RNA’ (see Figure
2C), giving at the same time a clear overview of the inter-
acting domains of the gene/protein. Moreover, using Inter-
actomeSeq, we were able to predict a new potentially inter-
esting RNA-binding protein interactor: the gene LMNB2,
encoding for Lamin B2. Within this gene/protein two pos-
sible putative interacting domains were identified, as shown
by the JBrowse panel in Figure 2D. Lamin B2 maintains
chromosome integrity by ensuring proper spindle assembly
and a decrease in Lamin B2 expression has been associated
with chromosomal instability in colorectal cancer cell lines
(30). A recent paper (31) shows that the nuclear Lamin B2
(Lmnb2) expression is essential for karyokinesis in mam-
malian cardiomyocytes and heart regeneration. Up to date,



LaminB2 has never been considered a potential RNA bind-
ing protein.

DISCUSSION

More than 20 computational methods for analyzing phage
display next generation sequencing data, for reporting
target-unrelated peptides (TUPs) and for predicting epi-
topes have been reviewed by He et al. (32). Some of the
most relevant bioinformatics tools that have been used
to analyze data deriving from Phage Display libraries se-
quencing include RELIC (33), PEPTIDE (34), DNAStar
(35), SiteLight (36) and SLimFinder (37). These tools al-
low motif detection and epitope alignment but have been
designed for the analysis of a limited number of sequences
and they do not allow the comparison of different sam-
ples. On the other hand, PHASTpep (38), PepSimili (39),
PuLSE (40) and NGS-Trex (19) have been used to analyze
large datasets deriving from the high throughput sequenc-
ing of Phage Display libraries and allow the comparison
between different samples and selections. PHASTpep is a
MATLAB software that has been used for the discovery of
cell-selective peptides. The software code is freely available
but a graphical user interface is not available neither the
pipeline was included in a web server. NGS-Trex has been
widely used for the analysis of phage display library datasets
(12,14,15,17). It was originally designed for RNA-Seq anal-
ysis and the result file shows a list of genes statistically en-
riched and sorted according to a parameter called ‘Focus’,
but NGS-Trex is not able to predict the presence of multiple
domains/epitopes present in each gene/protein and repre-
sented within the phage library analysed. At the same time,
its output table lacks of the amino acid or nucleotide se-
quence of the domain, thus it is not possible to perform
downstream analysis at the protein level. Vekris ez al. (39)
recently published a new computational galaxy pipeline,
PepSimili, an integrated workflow tool, which performs
mapping of massive peptide repertoires obtained by high
throughput sequencing of phage display libraries on whole
proteomes and delivers a streamlined systems-level biologi-
cal interpretation. PepSimili pipeline has a user-friendly in-
terface, but only one sample at a time could be analysed (i.e.
one control sample against one test selection), thus the per-
formance of this tool is limited when many different con-
trols and/or selections should be analysed. Furthermore, it
is not clear if both PHASTpep and PepSimili could analyse
prokaryotic data. PuLSE (Phage Library Sequence Eval-
uation) (40) is a tool for assessing randomness and there-
fore diversity of phage display libraries. PuLSE is a useful
pipeline that allows performing the evaluation required for
QC of phage library randomness by NGS data to deter-
mine the positional and overall distribution of DNA bases
and resultant amino acid propensities, calculating enrich-
ment factors over the expected ideal. It is freely available
from https://github.com/stevenshave/PuLSE as a free open
source package. Another useful pipeline was developed for
assessing phage display library diversity, and to investigate
the bias in GE-libraries of linear, macrocyclic and chem-
ically post-translationally modified (cPTM) tetrapeptides
displayed on the M13KE platform, it was implemented as a
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MATLAB workflow by He et al. (41). However, the last two
tools are not currently available as user-friendly web servers.

The InteractomeSeq web server overcomes all the main
limitations showed by the previous bioinformatics tools for
the analysis of high throughput phage display libraries:

1. It can analyze both Prokaryotic and Eukaryotic phage
display libraries sequencing data (15593 bacterial
strains’ genomes and the H. Sapiens GRCh38 and M.
Musculus GRCm38 genomes are available).

2. It allows the identification of more than one putative
domain/epitope within each gene/protein. The ‘blind’
detection of putative domains is very important to re-
duce the noise background typical of approaches based
on phage display coupled with NGS. Moreover, the iden-
tification of domains/epitopes enables the precise defini-
tion of the interacting portions of target proteins and/or
the specific epitopes recognized by antibodies.

3. InteractomeSeq results can be easily managed in an
interactive tabular display and efficiently visualized
through the JBrowse tool, which allows custom searches
of the genes of interest and quickly navigate across the
genome/transcriptome analyzed.

4. Many different datasets can be analyzed at the same time
and in an asynchronous way, thus allowing the com-
parison among different selections performed by using
the same phage library against different baits. Moreover,
the intersection of enriched domains derived from more
than one selection can be easily visualized through an
interactive Venn diagram.

5. The computational resources required for the execution
of InteractomeSeq are proportional to the size of the
input files elaborated at each step (both raw data and
reference sequence). In particular, the most memory-
consuming step is the Mapping, because it loads the ref-
erence genome in the RAM and it is strictly related to the
size of the reference genome. For example, in the Eukary-
ote analysis, the RAM occupied by the mapping step is
about 3.7 GB (human genome), while the RAM used by
the Prokaryote analysis for H. pylori genome is about
300 MB for each BLASTn thread. The RAM used by the
Domain Analysis steps is proportional to the size of the
input raw data files (Datasets) and is generally included
in the upper bound reached by the Mapping step. The
runtime of the pipeline depends on the size of the input
files and on how many steps the user decides to run si-
multaneously, as well as on the hardware characteristics
of the server. In particular, for the full analysis of the Rn-
aBindProt (Eukaryote) analysis, InteractomeSeq takes
about 40 minutes, while in the Hp 26695 (Prokaryote)
example it takes about 30 minutes. In the Supplementary
Data tutorials we show the size of each input file and a
table summarizing the runtime of each step and the size
of the output files.

In the previous Results paragraph, we have described
two main applications of InteractomeSeq that are pro-
posed in the webtool as examples: the first application is
related to the definition of the whole domainome of H. py-
lori strain 26695 (HP 26695) and to the identification of
new potential biomarkers of H. pylori infection and pro-
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gression towards Atrophic Gastritis. The second applica-
tion is related to the identification of new RNA functions
and their functional annotation through the recognition
of the proteins with which they form specific complexes.
Interactome-sequencing technique has been used to profile
RNA-protein interactions in a genome-wide manner in hu-
mans by analysing the datasets of Fasolo ef al. By using
InteractomeSeq we have demonstrated that new potential
RNA-binding proteins and their specific domains interact-
ing with new RNA classes can be outlined, as in the case of
Lamin B2. Thus, we have demonstrated that Interactome-
Seq can be successfully applied in different fields of research
and that it can give very useful and reliable results. In par-
ticular, it is worth remarking that in the study of RNA-
binding proteins, InteractomeSeq web tool is particularly
powerful when many RNAs interact with the same protein,
because it allows to identify different domains in the same
RNA binding protein potentially interacting with different
RNAs, thus enacting the guilt-by-association logic to infer
their function. At the same time, with this approach, it is
possible, for example, to identify groups of functionally re-
lated transcripts commonly associated with RNA-binding
hub proteins.

In conclusion, the release of this tool will provide rele-
vant support for the scientific and clinical community, be-
cause InteractomeSeq will fill an existing gap in the field
of large-scale biomarkers profiling, reverse vaccinology,
structural/functional studies, and discovery of new RNA-
binding proteins and new transcript functions, thus con-
tributing essential information for antigen identification or
genome/transcriptome annotation.

DATA AVAILABILITY

Pipeline source code, implemented in Python, is freely
available for download at GitHub: https://github.com/
sinnamone/InteractomeSeq. A Docker image is available
in the Docker Hub public repository at https://hub.docker.
com/r/flavioli/interactomeseq. The image contains the de-
ployed version of the scripts available in GitHub and
the Conda environment, in order to run InteractomeSeq
pipelines on personal/private or big datasets.

The input datasets of the use cases described in the pa-
per and analyzed in the Examples page are available in
ENA with the following BioProject accession numbers: PR-
JEB37162 for Hp 26695 (Prokaryote); PRJEB37161 for Rn-
aBindProt and RIDome (Eukaryote).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We would like to thank Giada Caredda (Department of
Pharmacology, University of Milan) and Maria Vurchio
(Institute of Biomedical Technologies, National Research
Council, Milan) for technical and administrative support,
Nicola Losito (Institute of Biomedical Technologies, Na-
tional Research Council, Bari) for server management sup-
port.

FUNDING

Italian  Ministry of Education and  University
[2010P3S8BR_002 to C.P]. Funding for open access
charge: Institute for Biomedical Technologies, National
Research Council (CNR), Italy.

Conflict of interest statement. None declared.

REFERENCES

1. Jung,S.W., Sugimoto,M., Shiota,S., Graham,D.Y. and Yamaoka,Y.
(2012) The intact dupA cluster is a more reliable Helicobacter pylori
virulence marker than dupA alone. Infect. Immun., 80, 381-387.

2. Wang,Y.K., Kuo,F.C., Liu,C.J., Wu,M.C., Shih,H.Y., Wang,S.S.W.,
Wu,lY., Kuo,C.H., Huang,Y.K. and Wu,D.C. (2015) Diagnosis of
helicobacter pylori infection: current options and developments.
World J. Gastroenterol., 21, 11221-11235.

3. Crameri,R., Jaussi,R., Menz,G. and Blaser,K. (1994) Display of
expression products of cDNA libraries on phage surfaces: a versatile
screening system for selective isolation of genes by specific
gene-product/ligand interaction. Eur. J. Biochem., 226, 53-58.

4. Hufton,S.E., Moerkerk,P.T., Meulemans,E. V., De Bruine,A.,
Arends,J.W. and Hoogenboom,H.R. (1999) Phage display of cDNA
repertoires: The pVI display system and its applications for the
selection of immunogenic ligands. J. Immunol. Methods, 231, 39-51.

5. Jespers,L.S., Messens,J.H., De Keyser,A., Eeckhout,D., Van Den
Brande,l., Gansemans,Y.G., Lauwereys,M.J., Viasuk,G.P. and
Stanssens,P.E. (1995) Surface expression and ligand-based selection
of cDNA fused to filamentous phage gene V1. Bio/ Technology, 13,
378-382.

6. Cicchini,C., Ansuini,H., Amicone,L., Alonzi,T., Nicosia,A.,
Cortese,R., Tripodi,M. and Luzzago,A. (2002) Searching for
DNA-protein interactions by lambda phage display. J. Mol. Biol.,
322, 697-706

7. Li,W. and Caberoy,N.B. (2010) New perspective for phage display as
an efficient and versatile technology of functional proteomics. Appl.
Microbiol. Biotechnol., 85,909-919.

8. Di Niro,R., Sulic,A.M., Mignone,F., D’Angelo,S., Bordoni,R.,
Tacono,M., Marzari,R., Gaiotto,T., Lavric,M., Bradbury,A.R.M.
et al. (2010) Rapid interactome profiling by massive sequencing.
Nucleic Acids Res., 38, e110.

9. Faix,PH., Burg,M.A., Gonzales,M., Ravey,E.P,, Baird,A. and
Larocca,D. (2004) Phage display of cDNA libraries: enrichment of
cDNA expression using open reading frame selection. BioTechniques,
36, 1026-1029.

10. Hust,M., Meysing,M., Schirrmann,T., Selke,M., Meens,J.,
Gerlach,G.F. and Diibel,S. (2006) Enrichment of open reading frames
presented on bacteriophage M 13 using Hyperphage. BioTechniques,
41, 335-342.

11. Zantow,J., Moreira,G.M.S.G., Diibel,S. and Hust,M. (2018)
ORFeome phage display. Methods Mol. Biol., 1701, 477-495.

12. D’Angelo,S., Mignone,F., Deantonio,C., Di Niro,R., Bordoni,R.,
Marzari,R., De Bellis,G., Not,T., Ferrara,F., Bradbury,A. et al.
(2013) Profiling celiac disease antibody repertoire. Clin. Immunol.,
148, 99-109.

13. Antony,F., Deantonio,C., Cotella,D., Soluri,M.F., Tarasiuk,O.,
Raspagliesi,F., Adorni,F., Piazza,S., Ciani,Y., Santoro,C. et al. (2019)
High-throughput assessment of the antibody profile in ovarian cancer
ascitic fluids. Oncoimmunology, 8, ¢1614856.

14. Patrucco,L., Peano,C., Chiesa,A., Guida,F., Luisi,I., Boria,l.,
Mignone,F., De Bellis,G., Zucchelli,S., Gustincich,S. et al. (2015)
Identification of novel proteins binding the AU-rich element of
a-prothymosin mRNA through the selection of open reading frames
(RIDome). RNA Biol., 12, 1289-1300.

15. Fasolo,R., Patrucco,L., Volpe,M., Bon,c., Peano,C., Mignione,F.,
Carninci,P., Persichetti,F., Santoro,C., Zucchelli,S. et al. (2019) The
RNA-binding protein ILF3 binds to transposable element sequences
in SINEUP IncRNAs. FASEB J., 33, 13572-13589.

16. Ewing,R.M., Chu,P, Elisma,F., Li,H., Taylor,P., Climie,S.,
McBroom-Cerajewski,L., Robinson,M.D., O’Connor,L., Li,M. et al.
(2007) Large-scale mapping of human protein-protein interactions by
mass spectrometry. Mol. Syst. Biol., 3, 89.


https://github.com/sinnamone/InteractomeSeq
https://hub.docker.com/r/flavioli/interactomeseq
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaa363#supplementary-data

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gourlay,L.J., Peano,C., Deantonio,C., Perletti,L., Pietrelli,A.,
Villa,R., Matterazzo,E., Lassaux,P., Santoro,C., Puccio,S. et al.
(2015) Selecting soluble/foldable protein domains through
single-gene or genomic ORF filtering: Structure of the head domain
of Burkholderia pseudomallei antigen BPSL.2063. Acta Crystallogr.
Sect. D Biol. Crystallogr., 71, 2227-2235.

D’Angelo,S., Velappan,N., Mignone,F., Santoro,C., Sblattero,D.,
Kiss,C. and Bradbury,A.R.M. (2011) Filtering ‘genic’ open reading
frames from genomic DNA samples for advanced annotation. BMC
Genomics, 15, S5.

Boria,I., Boatti,L., Pesole,G. and Mignone,F. (2013) NGS-Trex: Next
generation sequencing transcriptome profile explorer. BMC
Bioinformatics, 14, S10.

Yang,W., Yoon,A., Lee,S., Kim,S., Han,J. and Chung,J. (2017)
Next-generation sequencing enables the discovery of more diverse
positive clones from a phage-displayed antibody library. Exp. Mol.
Med., 49, ¢308.

Ewels,PA., Peltzer,A., Fillinger,S., Alneberg,J., Patel,H., Wilm,A.,
Garcia,M.U., Di Tommaso,P. and Nahnsen,S. (2020) The nf-core
framework for community-curated bioinformatics pipelines. Nat.
Biotechnol., 38, 276-278.

Soluri,M.F., Puccio,S., Caredda,G., Grillo,G., Licciulli,V.F.,
Consiglio,A., Edomi,P,, Santoro,C., Sblattero,D. and Peano,C. (2018)
Interactome-Seq: A protocol for domainome library construction,
validation and selection by phage display and next generation
sequencing. J. Vis. Exp., 3, 56981.

Martin,M. (2011) Cutadapt removes adapter sequences from
high-throughput sequencing reads. EM Bnet.journal, 17,
doi:https://doi.org/10.14806/¢j.17.1.200.

Chen,Y., Ye,W., Zhang,Y. and Xu,Y. (2015) High speed BLASTN: An
accelerated MegaBLAST search tool. Nucleic Acids Res., 43,
7762-7768.

Bray,N.L., Pimentel,H., Melsted,P. and Pachter,L. (2016)
Near-optimal probabilistic RNA-seq quantification. Nat. Biotechnol.,
34, 525-527.

Wu,D.C., Yao,J., Ho,K.S., Lambowitz,A.M. and Wilke,C.O. (2018)
Limitations of alignment-free tools in total RNA-seq quantification.
BMC Genomics., 19, 510.

Quinlan,A.R. and Hall,.M. (2010) BEDTools: A flexible suite of
utilities for comparing genomic features. Bioinformatics, 26, 841-842.
Robinson,M.D., McCarthy,D.J. and Smyth,G.K. (2009) edgeR: a
bioconductor package for differential expression analysis of digital
gene expression data. Bioinformatics, 26, 139—140.

Nucleic Acids Research, 2020, Vol. 48, Web Server issue W207

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Buels,R., Yao,E., Diesh,C.M., Hayes,R.D., Munoz-Torres,M.,
Helt,G., Goodstein,D.M., Elsik,C.G., Lewis,S.E., Stein,L. et al.
(2016) JBrowse: a dynamic web platform for genome visualization
and analysis. Genome Biol., 17, 66.

Kuga,T., Nie,H., Kazami,T., Satoh,M., Matsushita,K., Nomura,F.,
Maeshima,K., Nakayama,Y. and Tomonaga,T. (2014) Lamin B2
prevents chromosome instability by ensuring proper mitotic
chromosome segregation. Oncogenesis, 3, €94.

Han,L., Choudhury,S., Mich-basso,J.D., Wyman,S.K., Wu,Y.L.,
Han,L., Choudhury,S., Mich-basso,J.D., Ammanamanchi,N. and
Ganapathy,B. (2020) Lamin B2 levels regulate polyploidization of
cardiomyocyte nuclei and myocardial regeneration. Dev Cell., 53, el1.
He,B., Dzis00,A.M., Derda,R. and Huang,J. (2018) Development
and application of computational methods in phage display
technology. Curr. Med. Chem., 26, 7672—7693.

Mandava,S., Makowski,L., Devarapalli,S., Uzubell,J. and Rodi,D.J.
(2004) RELIC - a bioinformatics server for combinatorial peptide
analysis and identification of protein-ligand interaction sites.
Proteomics, 4, 1439-1460.

Pizzi,E., Cortese,R. and Tramontane,A. (1995) Mapping epitopes on
protein surfaces. Biopolymers, 36: 675-680.

Burland,T.G. (2000) DNASTAR’s Lasergene sequence analysis
software. Methods Mol. Biol., 132, 71-91.

Halperin,I., Wolfson,H. and Nussinov,R. (2003) SiteLight:
binding-site prediction using phage display libraries. Protein Sci., 12,
1344-1359.

Edwards,R.J., Davey,N.E. and Shields,D.C. (2007) SLiMFinder: a
probabilistic method for identifying over-represented, convergently
evolved, short linear motifs in proteins. PLoS One, 2, €967.
Brinton,L.T., Bauknight,D.K., Dasa,S.S.K. and Kelly,K.A. (2016)
PHASTpep: analysis software for discovery of cell-selective peptides
via phage display and next-generation sequencing. PLoS One, 11,
e0155244.

Vekris,A., Pilalis,E., Chatziioannou,A. and Petry,K.G. (2019) A
computational pipeline for the extraction of actionable biological
information from NGS-phage display experiments. Front. Physiol.,
10, 1160.

Shave,S., Mann,S., Koszela,J., Kerr,A. and Auer,M. (2018) PuLSE:
quality control and quantification of peptide sequences explored by
phage display libraries. PLoS One, 13, ¢0193332.

He,B., Tjhung,K.F., Bennett,N.J., Chou,Y., Rau,A., Huang,J. and
Derda,R. (2018) Compositional bias in naive and
chemically-modified phage-displayed libraries uncovered by
paired-end deep sequencing. Sci. Rep., 8, 1214.



